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Abstract 
Although Selective Laser Melting (SLM) process is an innovative manufacturing method, there are challenges such 
as inferior mechanical properties of fabricated objects. Regarding this, buckling deformation which is caused by 
thermal stress is one of the undesired mechanical properties which must be alleviated. As buckling deformation is 
more observable in hard to process materials, silver is selected to be studied theoretically and experimentally for this 
paper. Different scanning strategies are utilized and a Finite Element Method (FEM) is applied to calculate the 
temperature gradient in order to determine its effect on the buckling deformation of the objects from experiments. 
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Motivation / State of the Art 
The mechanical properties of parts produced using the SLM process are difficult to investigate due to 
fact that each layer of material undergoes several phase changes in a very short amount of time. Therefore 
the mechanical properties of the parts are determined by the solidified microstructure which essentially 
depends on the local solidification affected by the temperature gradient [1].  
Weihui Wu et al. applied different scanning strategies to create Cu-based alloy parts using the SLM 
process and tested the Buckling deformation and balling phenomena. It is reported that rescanning is an 
effective method of reducing and even eliminating the buckling deformation [2]. Nickel et al. studied the 
effects of deposition patterns on the resulting stresses and deflection of parts using shape deposition 
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manufacturing (SDM). It is stated that for a beam substrate, a raster pattern with lines oriented 90 from the 
beam’s long axis produces the lowest deflections while the spiral pattern scanned from the outside to 
inside produces uniform deflections for plate geometry [3]. I. Yadroitsev et al. examined the mechanical 
properties of Inconel 625, stainless steel grade 316L and cobalt-chromium samples produced by SLM 
considering different scanning strategies, i.e. “two-zones” and “cross-hatching” techniques [4]. It is 
reported that samples manufactured by the two zone technique have a greater elasticity within one layer 
than between layers. Gebhardt et al. conducted a theoretical and experimental investigation of SLM 
process of silver [5]. The optimum process parameter using a SLM 50 desktop machine with a maximum 
power of 100 W is investigated by the indicated researchers. In this paper, the mechanical properties of 
silver parts produced with SLM process are investigated. 
Experimental set-up 
For this study, a SLM-50 desktop machine from Realizer is used. The build space has a diameter of 70 
mm and a height of 40 mm. The machine is equipped with a Yb:YAG fiber laser with a maximum power 
of 100 W and a wavelength of 1070 nm and has been previously tested and verified for processing of 
silver [5]. The machine has a sealed chamber filled with argon shield gas. 
In the quest for finding the optimum process parameters of silver with SLM, the mechanical properties 
of the fabricated objects are studied. A major challenge in the processing of silver is significant 
deformation in some scanned areas. Regarding this, different test geometries with dimensions of 15 x 15 x 
10 mm are built. A previously investigated parameter set [5] with a scanning velocity of 250 mm/s and 
laser power of 100 W is applied. The offset between the single tracks is set to 30 μm [6].  
In Fig. 1, exemplar vectors of the three investigated scanning strategies, linear, spiral and random are 
shown. The spiral pattern begins from the outside and continues a spiral path inwards to the most inner 
contour. The linear strategy is applied in the up and down directions. Lastly, the random strategy includes 
the linear strategies which are oriented randomly in smaller quadrat planes with the maximum length of 2 
mm. 
Fig. 1.  (a) spiral scanning strategy; (b) linear scanning strategy; (c) random scanning strategy 
In Fig. 2 the results from the experiments in build-up direction are shown in which A, B and C belong 
to the spiral, linear and random scanning strategy respectively. The buckling deformation of the surface 
can be seen in this Fig. and the highest deformation belongs to spiral scanning strategy. It is shown in Fig. 
2 that using the linear scanning strategy decreases the deformation about 0.05 mm while random scanning 
strategy reduces the part deformation by 0.2 mm.  
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Fig. 2.  Surface deformation in build-up direction: (A) spiral scanning strategy; (B) linear scanning strategy; (C) random scanning 
strategy 
Fig. 3 shows the top view of fabricated parts using the three indicated scanning strategies in which the 
top left areas surrounded by dotted lines undergoes the highest deformation. It can be seen in this Fig. that 
the most affected area by deformation is generated using the spiral scanning strategy while the random 
strategy shows the minimum and more homogenous deformed area.  
 
 
Fig. 3.  Surface deformation top view: (A) spiral scanning strategy; (B) linear scanning strategy; (C) Random scanning strategy 
The affected deformed area seen at the top left of each section of Fig. 3 is consecutively reduced in Fig. 
3 from A to C. 
 Miranda Fateri et al. /  Physics Procedia  39 ( 2012 )  464 – 470 467
 
1.  Simulation 
Three dimensional Coupled-Field Analysis using FEM model with ANSYS software is conducted to 
calculate the temperature distribution and the resulting deformation.  
 
3.1. Thermal analysis 
 
In the simulation, a single layer of silver is modeled as a solid sheet albeit with the physical properties 
of powder placed on top of a silver cube with the material properties of solid material acting as the base 
layers using a 20 node SOLID 226 brick element [5]. The material properties applied are time dependent 
[5] and the enthalpy of material is used for the phase change condition. The simulation region is selected 
to be large enough to allow the heat from the laser source to dissipate without interfering with the 
temperature distribution in the border elements. A manual mesh consisting of regular hexahedral elements 
is used to mesh the powder bed area. The mesh element length of 18 μm is set based on the cross 
sectional area of the focused laser beam. Convection is applied at the surface of the part as heat loss.  
The layer thickness value is set to be 25 μm based on experimental data. The laser beam absorption 
fraction for silver powder is measured experimentally and the obtained value is 30 % [5]. As stated 
previously, the goal of the simulation is to investigate the effects of scanning strategy variation. 
Regarding this, three different scanning strategies are modeled according to the experimental processing 
parameters. 
Figure 4 shows the overlaid transient step temperature distribution of a number of representative 
sample laser spots in order to show the process path for different scanning strategies, spiral, linear and 
random respectively. The arrows show the symbolic scanning patterns. Laser spot irradiation starts at the 
top left corner. In this figure, the minimum temperature is 300 °C while the green area has a temperature 
above 600 °C. The red spot is the hot laser irradiated area which has a temperature above the silver 
melting point (961 °C). It should be noted that the peak temperature in the irradiated spot varies between 
the start and the end of the path significantly between 1100 °C and 2100 °C respectively. 
Fig. 4.   The temperature distribution of representative sample laser spots from the thermal analysis for spiral and linear pattern from 
left to right 
 
300 °C 600 °C 961 °C 
Temperature (°C) 
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As the results show, the maximum temperature can be seen at the center of the part using the offset 
scanning strategy while the highest temperature difference can be seen at the two corners using the linear 
scanning strategy. The random scanning strategy result does not show any pattern of significant 
temperature gradient in any location.  Thus, the most homogenous temperature distribution which results 
into the least thermal stress is achieved using the random scanning strategy. The resulting temperature 
profile is then applied to a mechanical model in order to be compared with experimental results. 
 
3.2. Mechanical analysis 
 
The mechanical analysis of the part using a laser output power of 100 W and scanning velocity of 
250 mm/s is analyzed using the random scanning strategy. The part is modeled with a constraint in the Z-
direction as well as constraining the first irradiated point in the process in the Y and X plane. The residual 
stresses, which may remain in the part depending on the cooling conditions after the completion of the 
SLM process, are based on the stresses in the solid elements. The yield stress would eventually decrease 
to zero at the melting point temperature of material so the stress results which lead to the deformation are 
calculated for the cooling process. The elements which undergo mechanical deformation are elements 
which remain solid or elements which melt and are solidified thus the mechanical analysis in the part is 
modeled considering the yield and ultimate strength of the material. The yielding points as function of 
temperature are determined by evaluating a stress-strain diagram produced during a tensile test at varying 
temperatures. The graph used in the simulation is shown in figure 5 [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Dependency of yield strength of silver on temperature [7] 
The mechanical simulation result is shown in figure 6. As it can be seen in figure 6-left, the deflected 
areas include two zones. First zone is the deformed area which tends to the top left of the part and 
coincides with the first irradiated area by the laser. The second zone belongs to the rest of the part which 
shows a homogenous deformation. These patterns closely match the results from the experiments. The 
side view of the simulation results show a similar deformation pattern as was seen in the experiment 
(figure 2-C). As it is shown in this figure 6, the maximum deformation is approximately 0.3 mm in the 
build-up direction. Although this value is smaller than the results from the experiment, the minor 
difference is acceptable. This difference can be caused by partially melted materials which are partly 
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sintered in the experiments and are not counted for the simulation as well as by a simplification in the 
model which assumes zero deformation for the layers underneath the current (investigated) layer.  
Fig. 6.  (a) deformation in build-up direction, top view; (b) scaled-cut side view 
The indicated deviation can be mitigated by using lattice structures instead of modeling a solid sheet; 
however, modeling individual powder particles in a lattice structure would require significantly higher 
computing time and resources in order to model a similar size part which is the reason that this type of 
modeling is typically applied for the microstructure simulations. 
 
2. Conclusion 
Different scanning strategies are tested experimentally and studied theoretically in order to compare 
the temperature distribution and deflection in the manufactured parts.  The results from the FEM and 
experiments match closely. It is shown that different laser path patterns have a significant effect on the 
temperature gradient. The relation between the deflected areas in the parts obtained in the experiments 
with different scanning strategies is determined. The scanning strategy of a random pattern shows the 
lowest temperature gradient while the spiral pattern presents largest. The relation between the temperature 
gradient to the deformation is shown using the mechanical analysis in ANSYS. Unlike experimental 
investigations, in the simulation, it is possible to conduct individual cause and effect studies without cross 
disturbance. The results show that FEM can be successfully applied in order to compare the temperature 
distribution and deflection of various scanning strategies.  
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